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Phenylalanine-ammonia-lyase and cinnamate-4-hydroxylase play important role in the phenylpropanoid 
pathway, which produces many biologically important secondary metabolites participating in normal 
plant development. Flavonol quercetin is the main representant of these compounds that has been identi-
fied in numerous Juglans spp. In this survey, the developmental expression patterns of PAL and C4H 
genes during in vitro rooting of two walnut cultivars ‘Sunland’ and ‘Howard’ was examined by RT-PCR. 
To understand the potential role in rooting, the changing pattern of endogenous content of quercetin was 
also analyzed by HPLC. The ‘Sunland’ with better capacity to root had more quercetin content during the 
“inductive phase” of rooting than ‘Howard’. In each cultivar, the level of PAL transcripts showed the same 
behavior with the changing patterns of quercetin during root formation of microshoots. The positive cor-
relation between the changes of quercetin and PAL-mRNA indicated that PAL gene may have an immedi-
ate effect on flavonoid pathway metabolites including quercetin. Although the behavioral change of C4H 
expression was similar in both cultivars during root formation (with significantly more level for 
‘Howard’), it was not coincide with the changes of quercerin concentrations. Our results showed that C4H 
function is important for the normal development, but its transcriptional regulation does not correlate with 
quercetin as an efficient phenolic compound for walnut rhizogenesis.
Keywords: Phenylalanine-ammonia-lyase gene – cinnamate 4-hydroxylase gene – quercetin – in vitro 
culture – Juglans regia L.
INTRODUCTION
An efficient micropropagation system offers a useful alternative for rapid plant 
production, which is convenient for conservation and commercial production of 
plant species [14]. Adventitious rooting (AR) is a key process for micropropagation 
of these important species [1]. It originates from organs other than roots, like leaves 
* Corresponding author; e-mail addresses: cheniany@um.ac.ir; monireh.cheniany@gmail.com
Abbreviations: AR: Adventitious rooting. BAP: 6-Benzylaminopurine. C4H: Cinnamate 4-hydroxy-
lasegene. 4CL: 4-coumarate coenzyme A: ligase. DKW: Driver and Kuniyuki medium. HPLC: High 
performance liquid chromatography. IBA: Indol butyric acid. MS: Murashige and Skoog medium. PAL: 
Phenylalanine-ammonia-lyase. RBI: Relative band intensity. RT-PCR: Reverse transcription polymerase 
chain reaction.
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or stems [34]. AR can be divided into two main phases, each with its own specific 
requirements and characteristics: (1) induction, involving early biochemical and 
molecular events; and (2) formation, consisting in the first cellular divisions 
involved in root meristem organization and primordium establishment, followed by 
root elongation [1]. However, AR of microcuttings in micropropagation is often 
problematic and can be affected by multiple factors [12]. The metabolism of phe-
nolic compounds as one of the factors controlling rhizogenesis is completely inte-
grated into morphological and biochemical regulatory patterns of plants [45]. In 
Juglans regia as a hard difficult-to-root plant, naphthoquinones and flavonoids are 
considered as the major phenolic compounds [25, 26]. Among flavonoids, quercetin 
(3,3′,4′,5,7-pentahydroxyflavone) as a flavolol derivatives, is of great interest due 
to its specific distribution patterns in this genus [9, 26]. In previous survey, we 
investigated the role of endogenous content of total flavonoids, flavonols and 
proanthocianidins in rhizogenesis of walnut microshoots and suggested that the 
presence of flavonoids especially as flavonols in walnut tissues could inhibit AR 
process [8]. However, the role of quercetin and the mechanisms involving such 
phenolic compounds in rhizogenesis especially at gene level need to be studied in 
more details. To continue the study of their probable mechanism, phenylalanine-
ammonia-lyase (PAL) and cinnamate 4-hydroxylase (C4H) genes were chosen for 
expression analysis (by reverse transcription polymerase chain reaction; RT-PCR). 
In vitro PAL and C4H expression study helps us to understand the molecular 
mechanism of root development and improving the quality of rooting ability of 
Juglans L.
Phenylpropanoid branch leads to some side branches to produce a large number 
of biologically important secondary metabolites, e.g. lignins, flavonoids, cou-
marins, phytolalexins, etc. [24, 44], participating in plant development, environ-
mental interactions and defense responses [32, 37]. The core reactions of phenyl-
propanoid metabolism involve three enzymes, phenyalalanine ammonia-lyase 
(PAL; EC4.3.1.5), cinnamate 4-hydroxylase (C4H; EC1.14.13.11) and 4-coumarate 
coenzyme A: ligase (4CL; EC6.2.1.12) [20]. PAL is the first enzyme in the phenyl-
propanoid pathway that converts L-phenylalanine to trans-cinnamic acid [6]. 
Cinnamate 4-hydroxylase (C4H; EC1.14.13.11), a cytochrome P450-dependent 
monooxygenase (P450) catalyzes the 4-hydroxylation of trans-cinnamate to p-cou-
marate, the central step in the generation of Phe-derived substrates for many 
branches of phenylpropanoid metabolism. A second metabolic link couples C4H to 
the membrane-localized NADPH: Cyt P450 oxidoreductase [31]. Since PAL and 
C4H are key enzymes for the biosynthesis of phenolic compounds, there is consid-
erable interest in the regulation of phenylpropanoid biosynthesis, both as a model 
for understanding flux control in a complex biosynthetic pathway and also for the 
identification of targets for biotechnological manipulation of product accumulation 
[44]. The aims of the study were: (1) to elucidate the changing patterns of quercetin 
content between two walnut cultivars during in vitro root development, and (2) to 
evaluate the developmental gene expression pattern of PAL and C4H genes as 
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molecular steps controlling the production of secondary metabolites participating 
in adventitious rooting. The present communication is the first report on C4H gene 
expression related to adventitious root regeneration.
MATERIAL AND METHODS
Plant material
In vitro microcutting of Persian walnut cultivars (Juglans regia L.) including 
‘Sunland’ and ‘Howard’ cultured on DKW medium were used as the sample explants 
[13]. Culture condition and axillary proliferation was based on Vahdati et al. [47] and 
Cheniany et al. [8], on DKW medium supplemented with 2.1 g L–1 gellan gum 
(Phytagel, Sigma), 10–2 mg L–1 IBA, and 1 mg L–1 BAP with photoperiod of 16/8 
(light/dark) hours.
In vitro adventitious rooting
In vitro rooting cultures were maintained according to Cheniany et al. [7]. Briefly, the 
culture system consisted of two sequential steps: (1) induction, lasting 7 days in cul-
ture medium containing MS salts, 3.5 mg L–1 IBA and no cytokinins. Explants for 
rooting were kept on this induction medium in the dark [48]; (2) expression, lasting 
four weeks on a medium consisting in DKW salts (0.25×gelled with gellan gum), 
mixed with coarse vermiculite (1:1.25 v/v) and grown under a 16/8 h (light/dark) 
photoperiod [35]. The expression analysis of selected genes was monitored along the 
rooting process and in total, harvested 18 microcuttings at the end of multiplication 
phase (the 20th days), the end of the root inductive phase (the 28th day), after the root 
initiation (the 35th day), and during the rooting expressive phase (the 42nd, 49th and 
56th days at every 7th day) and then stored in deep-freezer (–80 °C) until further use 
[4]. For the morphological analysis, the rooting traits of 50 microcuttings were 
recorded at the end of the root expressive phase.
Semi-quantitative expression analysis
Total RNA was isolated from microcuttings using RNeasy® Plant Mini kit (Qiagen, 
USA) including DNAase-I treatment, according to the manufacturer’s recommenda-
tions. Quality of the extracted RNAs was checked by measuring the absorbance at 
260/280 nm by a spectrophotometer and RNAs with ratio of OD260/OD280 ranging 
from 1.8 to 2 were used for cDNA synthesis. The concentration (μg L–1) of RNA was 
calculated by the following formula [23]: Concentration of total RNA =  OD260×dilution 
ratio ×40 μg L–1.
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cDNA preparation and RT-PCR
Preparation of first strand DNA was described by Cheniany et al. [7]. Briefly, it was 
synthesized using 5 μg of total RNA in the presence of dNTPs Mix and 10X PCR 
buffer (Cinna Gen, Iran), oligo(dT)18, RiboLockTM RNase Inhibitor (40 U/μL) and 
reverse transcriptase M-MULV (200 U/μL, Fermentase) in a final volume of 20 μL. 
The reaction was incubated at 42 °C for 2 h after pre-incubation in 70 °C for 12 min. 
The synthesized cDNA was stored at –20 °C.
To amplify the fragments encoding PAL, C4H and Tubulin (as the internal standard 
for normalization), Primer pairs: forward5ʹ-CTYCTBCAAGGHTAYTCNGGCA-3ʹ; 
reverse 5ʹ-AGYTCDGARCARTAAGAWGCCA-3ʹ; forward 5ʹ-YGTSGTT-
NTTGATATCTTYA-3ʹ; reverse 5ʹ-TTRATRTTYTCTACRATRTAAA-3ʹ and for-
ward 5ʹ-TGATTTCCAACTCGACCAGTGTC-3ʹ; reverse 5ʹ-ATACTCATCA-
CCCTCGTCACCATC-3ʹ (where B = C, G, T; D = A, G, T; H = A, C, T;  N = A, C, 
G, T; R = A, G; S = C, G; W = A, T; Y = C, T;) for PAL, C4H and Tubulin genes, 
respectively, were designed on the basis of highly conserved coding sequences freely 
available on the web (NCBI data bank). Amplification was performed using 0.8 μL 
gene-specific forward and reverse primers, 1 μL first-strand cDNA obtained as tem-
plates, 10 μL PCR Master Kit (Cinna Gen, Iran) and 7.4 μL dionized water in a final 
reaction volume of 20 μL, according to the manufacturer’s instructions.
Polymerase chain reaction was carried out on a programmable thermocycler 
(Techne-Touch gene Gradient-FTG RAD 2D-LTD-UK) according to the following 
cycling conditions: pre-denaturation at 94 °C for 2 min, followed by 35 cycles of 
DNA denaturing at 94 °C for 30 s, primer annealing of PAL, C4H and Tubulin at 
56.2 °C, 57.4 °C and 57 °C for 30 s, respectively and extension at 72 °C for 2 min and 
then a final extension at 72 °C for 10 min. Finally, the PCR products were separated 
on 1% (w/v) agarose gels and visualized by ethidium bromide staining. Relative band 
intensities (RBIs) were calculated using the phosphorimage software (V 1.7.6). 
The PCR-products were also sequenced and align by BLAST search and Bio-Edit 
(V 7.0.8) programs to confirm that amplified bands were truly target genes.
Quercetin extraction and determination by HPLC
Sample preparation
The samples of each phase with three replicates (in total, 18 ones) were prepared 
according to Fernández-Lorenzo et al. [17]. Oven-dried microcuttings of each cultivar 
were ground and 0.1 g quantities were extracted at 25 °C with 3 ml of HPLC grade 
methanol and then centrifuged at 3000 rpm for 30 min. The supernatants were evapo-
rated to dryness in a speed-vac, and then the residue was redissolved in 2 ml HPLC 
grade methanol, which was centrifuged at 3000 rpm for 30 min. Each final extract was 
filtered with a 0.2 μm cellulose acetate filter (Minisart) before injection. The standard 
quercetin (Sigma-Aldrich, USA) was prepared in HPLC grade methanol.
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Separation condition
Quercetin was analyzed using an HPLC (Shimadzu SIL-6A) with SPD detection 
(Shimadzu-SPD-6AV). A C-18 (Hamilton) reverse phase column (4.1×150 mm, 5 μm 
particle size) was used. Between each analysis, a gradient elution was performed by 
gradually adding HPLC grade methanol to the 2% acetic acid in double distilled 
water solvent to obtain 30% methanol at 10 min, 70% at 50 min, and 75% at 75 min. 
The total run time was 30 min, with 30 min of equilibration  treatment (100% metha-
nol). The injection volume of sample was 20 μL, and the flow rate was 0.7 mL per 
min. The column temperature was 30 °C. Quercetin was detected at a wavelength of 
280 nm with retention time 22.35 min.
Data analysis
Means obtained from levels of gene expression and quercetin quantification were 
analyzed by ANOVA (SPSS 16 software) using Duncan’s multiple range test 
(DMRT).
RESULTS
Rooting
Figure 1 shows the morphological view of cultivar microshoots at the inductive and 
expressive phases of root development. To develop efficient adventitious rooting for 
walnut, we have tested a new concentration of IBA in the induction medium of rhizo-
genesis. After seven days on modified medium containing 3.5 mg L–1 IBA, most 
segments of both cultivars emerged visible roots at the base of microcuttings that was 
always preceded by basal callus formation. However, the microcuttings of ‘Sunland’ 
exhibited a significantly better rooting at the end of root development process than 
‘Howard’ (92% vs. 51%). In addition, ‘Sunland’ microshoots had thicker and bigger 
roots and more adventitious roots per explants in comparison to ‘Howard’ micro-
shoots (Table 1).
Table 1
Rooting of microshoots of two Persian walnut cultivars induced in rooting mediuma
Cultivar
Total number 
of microshoots 
tested
Rootingb [%] Number of roots [explant–1] Root length [cm]
Root diameter 
[mm]
‘Sunland’ 50 92 ± 0.2 3.26 ± 0.42 2.73 ± 0.15 3.25 ± 0.17
‘Howard’ 50 51 ± 0.5 2.11 ± 0.2 1.62 ± 0.21 3.18 ± 0.13
aEach value is the mean ± standard error (SE) of total explants (p < 0.05).
bRooting (%) = Total number of microshoots rooted/Total number of microshoots tested ×100.
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Gene expression changes during in vitro rhizogenesis
Considering phenolic compounds as the main secondary metabolites involved in 
adventitious rooting, as well as their different effects on Juglans regia L. rooting, we 
decided to analyze the expression patterns of genes associated with phenolic biosyn-
thesis in microcuttings. So that, we examined the profile changes of PAL and C4H 
gene expression during root development by RT-PCR. The results demonstrated that 
PAL was expressed in ‘Sunland’ and ‘Howard’ cultivars under different conditions: 
there was a dramatic increase (more than twofold) in the expression of PAL at the end 
of inductive phase in ‘Sunland’ (Fig. 2A). Although PAL transcripts increased in 
‘Howard’ at this time, it was not significant (Fig. 2B). In the contrary, expression of 
PAL gene did not have any difference regarding the patterns of change during the 
initiative and the first weeks of expressive phases in both cultivars (Fig. 2A, B). As it 
is displayed in Fig. 2, the PAL mRNA accumulation was opposite in the examined 
cultivars at the end of expressive phase (the 56th day), with down and up regulations 
for ‘Sunland’ and ‘Howard’, respectively. Gene expression analysis for C4H showed 
that all microshoots of cultivars passing the root development had significant levels 
of gene transcripts. Interestingly, we found the same increasing pattern of C4H 
expression in both walnut cultivars from the first till the end of root development 
Fig. 1. Microcuttings at different phases of adventitious root development: a and b ‘Sunland’ and 
‘Howard’ cultivars on MS solid medium with 3.5 mg L–1 IBA, respectively. c and d ‘Sunland’ and 
‘Howard’ cultivars on ¼ DKW medium mixed with coarse vermiculite, respectively. Scale bar 1 cm
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periods (Fig. 3A, B). However, up regulation of C4H gene for ‘Howard’ was signifi-
cantly more than ‘Sunland’ during rooting periods.
Content changes of quercetin during in vitro root development
Considering quercetin as the most prevalent flavonoid, we decided to analyze the 
changing pattern of this compound during the different phases of adventitious root-
ing. There were significant differences between cultivars for microshoot content of 
quercetin. In ‘Sunland’, an increase of this compound was observed from the time of 
application of the exogenous auxin on day 20 (after the multiplication phase) fol-
lowed by a decrease till the end of initiative phase. The second increase was seen at 
the beginning of the expressive phase that finally continued with another elevation. 
The concentration of quercetin of ‘Howard’ decreased from the first to 28th sampling 
day, and then increased through the following days by a sharp increase during the 
later stages of rooting (Fig. 4). Correlation coefficient analysis suggested a positive 
relationship between the quercetin concentration and RBI of PAL expression during 
root development (0.845). In contrary, there was less positive correlation between the 
content of quercetin and RBI of C4H gene (0.198).
DISCUSSION
In our previous research, we showed that though Juglans regia L. is one of the more 
difficult-to-root plants [41], their genotypes can vary in the rooting ability under 3 mg 
L–1 IBA in induction medium [7, 8]. In present study a test with 3.5 mg L–1 IBA were 
carried out in induction medium, microshoots of each cultivar showed better root 
Fig. 4. HPLC analysis of quercetin content (mg 100 g–1 DW) in whole microshoots of two cultivars of 
Juglans regia L. sampled at different times during AR development period. Each value is the mean (± SE) 
of three replicates. *Statistically significant differences at P-value below 0.05. **Statistically significant 
differences at P-value below 0.01
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capacity than before. It has been reported that the rhizogenic capacity of walnut 
depends on the endogenous content of auxin and the exogenous concentration to be 
used [16, 41, 42]. The results suggest that higher level of exogenous auxin up to 
saturation point may exert sufficient induction for in vitro root proliferation [17]. 
These data suggest that the cells at the base of microcuttings may produce more root 
apical meristems, depending on the added hormone concentrations during the induc-
tive phase of AR [2, 30]. However, with the increase of applied IBA concentration, 
the length of roots decreased while the diameter of them increased. That is consistent 
with the higher content of exogenous IBA, being more effective in promoting root 
diameter and its percentage [18].
Flavonoids as a major class of phenolic secondary metabolites have many physi-
ological roles, including serving as functional constituents of biochemical systems, 
pigmentation or defensive compounds [10]. Quercetin is one of the more interesting 
flavonoid compounds. It occurs in fresh walnut leaves, shoots and roots [9]. In this 
experiment, a significant difference was observed in the changing pattern of quercetin 
content between examined cultivars during the induction phase of AR. The ‘Sunland’ 
with better capacity to root had more quercetin content during the inductive phase of 
rooting than ‘Howard’. Our finding is consistent with those of Jay-Allemand et al. 
[26] who reported that the promoting role of quercitrin (a glycone form of quercetin) 
during the root induction of Juglan regia microcuttings. Curir et al. [11] also sug-
gested that quercetin derivatives in the living tissue of Eucalypts gunnii, take part in 
developmental processes of microcutting rooting. Encouraging affect of quercetin on 
the formation of adventitious roots of Ilex paraguariensis cuttings was stated by 
Tarrago et al. [46]. Because the induction of adventitious rhizogenesis is an important 
aspect of this process [7], it can be concluded that quercetin has a positive effect on 
this phase of rooting and can be considered as one of endogenous effectors of root 
development.
The phenolic compounds have their origin in the general phenylpropanoid metab-
olism catalyzing by PAL and C4H at two early steps. The PAL gene encodes phenyl-
alanine-ammonia-lyase, the first committed enzyme that its activity varies with the 
development stage of the plant and cell and tissue differentiation [38]. We have ana-
lyzed the level of PAL expression during in vitro rooting to know whether changes in 
the levels of quercetin content contribute to the transcriptional control of PAL gene. 
In each cultivar, the level of PAL transcripts showed the same behavior with patterns 
of change in quercetin compound. It can therefore be concluded that the control of 
flavonoid metabolism, at least in part, is at the level of transcription of some genes 
encoding biosynthetic enzymes. The present study suggests that PAL gene is one of 
those genes. Several studies have confirmed that the high expression of PAL of differ-
ent tissues correlates with the biosynthesis and accumulation of high levels of phe-
nolic compounds [15, 27, 29, 39]. PAL expression in examined cultivars during the 
induction phase of AR showed that ‘Sunland’ with better capacity to root and more 
level of endogenous quercetin had higher levels of PAL mRNA than ‘Howard’. These 
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results indicated that PAL gene with developmentally regulated expression [21, 22, 
33], has an immediate effect on metabolic flux into phenylpropanoid pathways [19].
The data of this survey show the same patterns of change for C4H transcripts in 
both cultivars with significantly more one for ‘Howard’. Accordingly, C4H expres-
sion was not coordinated with PAL expression under microshoots in vitro rooting. 
This not significant coordination of these two genes has also been reported by Pina 
and Errea under graft experiments [40]. It has been reported C4H that genes could 
exist as a multi gene family in various plant species and the divergent isoforms could 
play distinct roles in the biosynthesis of extremely diverse primary and secondary 
metabolites such as fatty acids, phenylpropanoids, alkaloids, and terpenoids [5, 37]. 
As a matter of fact, it is likely that these proteins and the factors that regulate the 
expression of their corresponding genes are divergent and this causes their critical 
roles in the biochemistry and development of plants [3]. It confirms our earlier results 
showing that although C4H function is important for the normal development [28, 37, 
43]; its transcriptional induction does not apparently correlate with analyzed useful 
phenolic compound, quercetin. The results obtained from in vitro studies demon-
strated that developmentally regulated C4H expression may be correlated with ligni-
fications and other sites of active metabolism [31, 36]. Its regulation in a temporal and 
spatial manner consistent in lignification has been confirmed [49]. However, further 
studies on the function and regulation of C4H are required to elucidate its specific 
roles in rhizogenesis. In conclusion, based on a positive correlation between expres-
sion of PAL gene and quercetin content, it is suggested that the regulation of flavonol 
concentrations is, at least in part, under PAL transcriptional regulation and PAL 
enzyme has critical role in quercetin biosynthesis and a cross talk between shikimate 
and phenylpropanoid pathways.
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